Nemaline myopathy (NM) is a congenital myopathy that can result in lethal muscle dysfunction and is thought to be a disease of the sarcomere thin filament. Recently, several proteins of unknown function have been implicated in NM, but the mechanistic basis of their contribution to disease remains unresolved. Here, we demonstrated that loss of a musclespecific protein, kelch-like family member 40 (KLHL40), results in a nemaline-like myopathy in mice that closely phenocopies muscle abnormalities observed in KLHL40-deficient patients. We determined that KLHL40 localizes to the sarcomere I band and A band and binds to nebulin (NEB), a protein frequently implicated in NM, as well as a putative thin filament protein, leiomodin 3 (LMOD3). KLHL40 belongs to the BTB-BACK-kelch (BBK) family of proteins, some of which have been shown to promote degradation of their substrates. In contrast, we found that KLHL40 promotes stability of NEB and LMOD3 and blocks LMOD3 ubiquitination. Accordingly, NEB and LMOD3 were reduced in skeletal muscle of both Klhl40 -/-mice and KLHL40-deficient patients. Loss of sarcomere thin filament proteins is a frequent cause of NM; therefore, our data that KLHL40 stabilizes NEB and LMOD3 provide a potential basis for the development of NM in KLHL40-deficient patients.
Introduction
Nemaline myopathies (NMs) encompass a set of genetically heterogeneous diseases that are defined pathologically by the presence of characteristic rod-like structures, called nemaline bodies, in myofibers (1) . Clinically, presentation of NM can vary substantially from mild muscle dysfunction to complete akinesia, but without any correlation to the number of nemaline bodies, suggesting that these structures are not a primary cause of the muscle dysfunction (2) . The underlying pathogenesis of NM remains unresolved; however, 6 of 9 causative genes for NM, tropomyosin 3 (TPM3), nebulin (NEB), α 1 actin (ACTA1), tropomyosin 2 (TPM2), troponin T type 1 (TNNT1), and cofilin 2 (CFL2), encode components of the sarcomere thin filament, leading to the current hypothesis that NM is a thin filament disease (3) (4) (5) (6) (7) (8) .
The sarcomere thin filament is a helical strand of polymerized actin that anchors directly to the Z line and spans toward the M line (9) . During muscle contraction, thick filament myosin forms crossbridges with thin filament actin and physically pulls the Z line toward the M line to generate force. Tropomyosin and the troponin complex regulate myosin-actin crossbridges in a calcium-dependent manner. In NM, it is believed that mutations disrupting thin filament proteins result in reduced force generation and subsequent myopathy (10) . However, mutations in 3 proteins with no established association with the sarcomere thin filament, kelch repeat and BTB (POZ) domain containing 13 (KBTBD13), kelch-like family member 40 (KLHL40), and KLHL41, have been shown recently to cause NM in patients by an unknown mechanism (11) (12) (13) . Notably, KLHL40 mutations occur frequently in severe forms of autosomal recessive NM (12) . KBTBD13, KLHL40, and KLHL41 belong to the BTB-BACKkelch (BBK) protein family, named for the presence of BTB, BACK, and kelch repeat (KR) domains in all family members (KBTBD13 lacks an annotated BACK domain but is still very closely related to other BBK family members) (14) . BBK proteins are thought to serve as substrate-specific adaptors for the cullin 3 (CUL3) E3 ligase complex, mediating the ubiquitination and, in most cases, degradation of their respective substrates (15) (16) (17) (18) (19) (20) (21) (22) . Because NM is so tightly associated with thin filament proteins, it is likely that these 3 BBK proteins also regulate the thin filament in some manner, though this has not been demonstrated. Additionally, since other BBK proteins act through the ubiquitin-proteasome system, defining the function of these proteins may facilitate therapeutic manipulation, given the availability of proteasome inhibitors for patient use.
While searching for new potential regulators of muscle function, we uncovered a novel muscle-specific transcript, Klhl40, that encodes for a protein localizing to the sarcomere I band and A band. Deletion of the Klhl40 locus in mice results in sarcomere defects, with subsequent muscle dysfunction and early postnatal lethality, which closely phenocopy the muscle abnormalities observed in humans with KLHL40 mutations (12) . We show that KLHL40 binds to NEB, a thin filament protein frequently associated with NM (1), as well as leiomodin 3 (LMOD3), a novel muscle Nemaline myopathy (NM) is a congenital myopathy that can result in lethal muscle dysfunction and is thought to be a disease of the sarcomere thin filament. Recently, several proteins of unknown function have been implicated in NM, but the mechanistic basis of their contribution to disease remains unresolved. Here, we demonstrated that loss of a muscle-specific protein, kelch-like family member 40 (KLHL40), results in a nemaline-like myopathy in mice that closely phenocopies muscle abnormalities observed in KLHL40-deficient patients. We determined that KLHL40 localizes to the sarcomere I band and A band and binds to nebulin (NEB), a protein frequently implicated in NM, as well as a putative thin filament protein, leiomodin 3 (LMOD3). KLHL40 belongs to the BTB-BACK-kelch (BBK) family of proteins, some of which have been shown to promote degradation of their substrates. In contrast, we found that KLHL40 promotes stability of NEB and LMOD3 and blocks LMOD3 ubiquitination. Accordingly, NEB and LMOD3 were reduced in skeletal muscle of both Klhl40 -/-mice and KLHL40-deficient patients. Loss of sarcomere thin filament proteins is a frequent cause of NM; therefore, our data that KLHL40 stabilizes NEB and LMOD3 provide a potential basis for the development of NM in KLHL40-deficient patients.
KLHL40 deficiency destabilizes thin filament proteins and promotes nemaline myopathy Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI74994DS1). We verified, by lacZ staining in Klhl40 +/-mice, that Klhl40 was expressed exclusively in skeletal muscle in embryonic, neonatal, and adult mice (Supplemental Figure 2 , A-C). Histological analysis revealed that lacZ was only expressed in myofibers and not connective tissues (Supplemental Figure 2D ). Klhl40 +/-hearts showed punctate lacZ staining consistent with lower Klhl40 heart expression (Supplemental Figure 3) .
Loss of Klhl40 results in neonatal lethality. Klhl40 -/-(KO) mice had no detectable Klhl40 transcript and were smaller than WT littermates, which was apparent within several days of birth ( Figure 1 , C and D, and Supplemental Figure 4) . Furthermore, 50% of the KO mice died by 7 days of age, and none of these KO mice bred on a pure C57BL/6 background survived past 3 weeks of age ( Figure 1E ). Impaired growth was not due to competition by healthier littermates, since KO mice alone with a nursing mother also failed to survive.
To confirm that the lethal phenotype was due to loss of Klhl40 in muscle, we generated transgenic mice expressing Klhl40 under the control of the muscle-specific, muscle creatine kinase (MCK) promoter and bred the allele into the KO background (28, 29) . WT and KO mice with the MCK-Klhl40 transgene are referred to as "WT Tg" and "KO Tg," respectively. We confirmed overexpression of Klhl40 in skeletal muscle of both WT Tg and KO Tg mice (Supplemental Figure 5A) . The MCK-Klhl40 transgene was sufficient to completely rescue the KO phenotype, such that KO Tg mice were indistinguishable protein highly homologous to leiomodin 2 (LMOD2), which regulates actin at the thin filaments (23, 24) . Similar to LMOD2, we found that LMOD3 also localizes to the sarcomere thin filaments. Unlike most other BBK proteins that mediate degradation of their substrates, KLHL40 uniquely promotes stability of NEB and LMOD3 and inhibits ubiquitination of LMOD3. Accordingly, loss of KLHL40 reduces NEB and LMOD3 protein in mice as well as in patients with NM. By establishing a novel pro-stability function of KLHL40 for the thin filament proteins NEB and LMOD3, our data reveal a molecular basis for NM in patients deficient for KLHL40 and suggest a previously unrecognized role of LMOD3 in maintenance of sarcomere function and NM.
Results
Discovery and analysis of striated muscle-specific expression of Klhl40. To find new regulators of striated muscle biology, we searched an in situ hybridization database for novel transcripts that were enriched in developing muscle structures (25) . Within this database, we saw that Klhl40 appeared to have muscle-specific expression, which we found was dependent on the MEF2 transcription factor (26) . We validated this muscle-specific expression in embryos and found it preserved into adulthood, with additional low level expression of Klhl40 in the heart (Figure 1, A and B) .
To assess the potential role of Klhl40 in muscle function, we generated a loss-of-function Klhl40 allele by replacing the protein coding region of Klhl40 with a lacZ expression cassette controlled To test muscle function, we measured the maximum force generated during tetanic contraction of whole hind limbs isolated from P1 mice ( Figure 3C ). Despite the lack of observable defects by electron microscopy analysis, P1 KO muscle demonstrated >50% reduction in hind limb strength. Consistent with the observed sarcomere dysfunction, microarray analysis of P0 quadriceps showed increased expression of sarcomere genes, possibly as a compensatory response to the underlying sarcomere defect (Supplemental Table 1 ). Unlike that in skeletal muscle, no differences were seen in KO heart histology or function compared with WT hearts (Supplemental Figure 8 , A-C). These data suggest that KO mice have severe skeletal muscle dysfunction that likely contributes to the observed lethality.
KLHL40 binds and increases NEB and LMOD3 proteins. Because the abnormalities resulting from Klhl40 deletion in mice resembled those found in human NM, which is thought to be a primary disease of the thin filament, we asked whether KLHL40 bound and regulated any thin filament proteins. We performed a yeast 2-hybrid screen of a human skeletal muscle cDNA prey library using KLHL40 as bait (Table 1 ). In parallel, we performed tandem affinity purification (TAP) of tagged KLHL40 from C2C12 myotubes, followed by mass spectrometry ( Figure 4A and Supplemental Figure 9 ). Two proteins were mutually identified from both techniques, NEB and LMOD3, which were validated for binding to KLHL40 by coimmunoprecipitation in nonmuscle COS7 cells (Figure 4B and refs. 33, 34) .
NEB is a thin filament protein associated frequently with NM, but LMOD3 is a novel protein of unknown function (1). LMOD3 is highly homologous to LMOD2, an essential regulator of thin filament actin organization in cardiomyocytes, suggesting that both proteins share similar function (23) . We found that LMOD3, like LMOD2, localized to the A band in both relaxed and contracted muscles ( Figure 4 , C and D). KLHL40 also localized to the A band ( Figure 2B ), suggesting that LMOD3 and KLHL40 colocalize. Interestingly, both LMOD2 and LMOD3 are specific to striated muscle. Lmod2 was relatively more enriched in the heart compared with skeletal muscle while Lmod3 was expressed at a higher level from control littermates, with normal growth into adulthood (Supplemental Figure 5 , B and C), confirming that loss of Klhl40 from striated muscle was responsible for the neonatal lethal phenotype.
Klhl40 localizes to the sarcomere I band and A band. To better understand how loss of KLHL40 from muscle causes lethality, we analyzed the subcellular localization of KLHL40 in mature myofibers. Two previous reports on the localization of KLHL40 reported conflicting data, with one study showing A band localization of KLHL40 while another showed localization to the I band using a commercial antibody on fixed tissue sections (12, 13) . To determine KLHL40 localization by an alternative method, we electroporated the flexor digitorum brevis of adult mice with KLHL40 C-terminally fused with EGFP (KLHL40-EGFP). We used second harmonic generation, as previously described, to localize KLHL40-EGFP relative to myosin (30) . In a modified EDTA-Ringer's solution that relaxes myofibers (31), KLHL40-EGFP signal concentrated at the I band ( Figure 2A ). However, muscle bathed in a rigor solution that induces a sustained muscle contraction showed localization of KLHL40-EGFP to the A band, with fainter localization to the I band ( Figure  2B and ref. 31 ). α-Actinin (ACTN1A) and tropomodulin (TMOD4), which are known I band and A band proteins, respectively, did not change localization in relaxed and contracted muscles (Supplemental Figure 6 , A-D, and ref. 32) . These data suggested that KLHL40 can localize to either the sarcomere I band or A band and indicated to us a possible role for KLHL40 in the sarcomere.
Klhl40-deficient skeletal muscle has abnormal structure and function. To determine whether loss of KLHL40 had any affect on sarcomere structure and function, we performed histologic analysis of skeletal muscles from 1-week-old neonatal KO mice and found that sarcomeres were present, but a subset of fibers showed complete disorganization, with widened Z-discs that resembled nemaline bodies present in NM ( Figure 3 , A and B, and ref. 1). Additionally, other myofibers in KO muscles had irregular, wave-like structures, referred to as Z line streaming (Supplemental Figure  7A) . Notably, KO muscle was relatively comparable to WT muscle at 1 day of age (Supplemental Figure 7B) . Mapping the domains of KLHL40 that regulate LMOD3 and NEB. KLHL40 contains 3 annotated domains: BTB/POZ, BACK, and KR domains (Supplemental Figure 13A ). To determine which domains are important for regulation of LMOD3 and NEB frag , we generated various KLHL40 mutants lacking combinations of all annotated KLHL40 domains and coexpressed them with LMOD3-myc or NEB frag -myc (Supplemental Figure 13B) . Deletion of the KR domain abolished the stabilizing effect of KLHL40 on both LMOD3 and NEB frag levels. On the other hand, deletion of the BTB and/or BACK domains selectively diminished the stabilization of NEB frag . These data suggest that the KLHL40 KR domain plays an essential role in KLHL40-mediated stabilization of both LMOD3 and NEB frag , while the KLHL40 BTB and BACK domains are only essential for NEB frag . None of these effects were due to changes in Neb frag or Lmod3 transcription (Supplemental Figure 13C) .
Loss of KLHL40 results in decreased NEB and LMOD3 in mice. We analyzed protein expression in skeletal muscles from P1 and P8 mice of different Klhl40 genotypes and found that NEB was decreased by approximately 50%, while LMOD3 was nearly eliminated in KO mice ( Figure 6 , A and B, and Supplemental Figure 14 , A-C). Notably, Klhl40 +/-(HET) mice also had reduced LMOD3 compared with KLHL40 WT mice, without growth defects or early lethality ( Figure  6B ). Loss of NEB has been shown to result in shorter thin filament lengths, but KO mice did not have shortened thin filaments like Neb -/-mice (Supplemental Figure 15 and refs. [36] [37] [38] .
Using quantitative mass spectrometry, we found that NEB and LMOD3 were among the most decreased proteins, with LMOD3 being the most downregulated in the entire muscle proteome (Fig- in skeletal muscle compared with heart, which agrees with previous studies on the expression of these proteins (Supplemental Figure 10 and ref. 24) . The expression and localization data suggest that LMOD3 could function similarly to LMOD2, but perhaps specifically for skeletal muscle.
KLHL40 blocks proteasome-mediated LMOD3 degradation by inhibiting ubiquitination. KLHL40 belongs to the BBK protein family; its members serve as substrate-specific adaptors that mediate ubiquitination and degradation of their respective substrates (17) (18) (19) (20) (21) (22) . To determine whether KLHL40 mediates degradation of NEB and LMOD3, we coexpressed a fragment of NEB, NEB frag , and LMOD3 with KLHL40 in COS7 cells. Unlike other BBK proteins, we found that KLHL40 dramatically increased protein levels of both NEB frag and LMOD3, without a corresponding change in respective mRNA transcripts ( Figure 5 and Supplemental Figure 11 ). Addition of proteasome inhibitor was sufficient to increase LMOD3 levels comparably to KLHL40, again without a corresponding change in transcription (Supplemental Figure 11 and Supplemental Figure 12A ). Proteasome inhibitor did not substantially increase NEB frag levels. Finally, we found that KLHL40 decreased K48 polyubiquitination of LMOD3, which specifically marks a protein for proteasome-mediated degradation (Supplemental Figure 12B and ref. 35) . These data suggest that KLHL40 serves to increase NEB and LMOD3 levels and prevents degradation of LMOD3 by the proteasome. sidual KLHL40. LMOD3 and NEB were reduced dramatically in patients 1 and 2, while LMOD3 protein remained relatively unchanged in patient 3 when compared with age-appropriate controls (control 1 for patients 1 and 2, and control 2 for patient 3) (Figure 7 , B and C). NEB reduction in patient 3 was inconclusive due to issues with GAPDH signal for patient 3 and control 2. Given that patient 3 had some residual KLHL40 and less severe muscle pathology, our findings in mice that KLHL40 serves to stabilize NEB and LMOD3 are largely consistent in KLHL40-deficient patients, although there may be some mechanistic differences based on the type of KLHL40 mutation.
Discussion
KLHL40 mutations have been shown recently to cause NM in humans, but the underlying pathogenic mechanisms have not been defined. The results of this study demonstrate that KLHL40 is essential for the maintenance of sarcomere structure and muscle contractility. Loss of KLHL40 in mice leads to ure 6C). Of all proteins downregulated by greater than 1.5-fold, only LMOD3 and NEB were found to be binding partners by either of our nonbiased KLHL40 binding assays (Supplemental Table 2 ). Notably, no decrease was seen in Neb or Lmod3 mRNA transcripts (Supplemental Figure 14 , D-G). Some patients with severe NM and KLHL40 deficiency have decreased LMOD3 and NEB. We analyzed LMOD3 and NEB in 3 different patients with 3 different sets of mutations in the KLHL40 locus ( Figure 7A ). Patient 1 was a compound heterozygote for 2 missense mutations: R311L and T506P. Patient 2 was homozygous for a W90* nonsense mutation, while patient 3 was homozygous for an E528K missense mutation. Patients with the same mutation as patient 3 have a less clinically severe outcome than that observed with patients with other mutations of KLHL40 (12) . Accordingly, the skeletal muscle biopsies showed that muscle pathology was more severe in patients 1 and 2 than in patient 3 (Supplemental Figure 16 ). Patients 1, 2, and 3 all had profoundly reduced KLHL40; however, patient 3 showed re- a NM-like phenotype comparable to that of patients with NM lacking KLHL40 (12) . We found that KLHL40 localizes to the I band and A band of sarcomeres and binds to 2 proteins located in these bands, NEB and LMOD3. Unlike previously described BBK proteins, we showed that KLHL40 promotes the stability of NEB and LMOD3, providing a possible molecular explanation for NM in KLHL40-deficient patients. Consistent with these findings, NEB and LMOD3 protein levels are specifically diminished in KLHL40-deficient mice and KLHL40-deficient patients, suggesting the involvement of KLHL40 in NM and regulation of sarcomere structure. We propose that KLHL40 regulates NEB and LMOD3 and that loss of KLHL40 primarily reduces NEB and LMOD3. This results in thin filament disruption, with subsequent irregularities of sarcomere Z-discs and, in extreme cases, sarcomere dissolution with the formation of ovoid Z-discs, culminating in a fatal loss of muscle function (Figure 8 ).
NM-like disease due to loss of Klhl40. Similar to human patients that lack KLHL40, KO mice display neonatal lethality, with defects in sarcomere structure and significant muscle weakness (12) . Cardiac defects are not a typical feature of NM, and, although Klhl40 has some expression in the heart, we did not observe cardiac hypertrophy, dilation, or any loss in cardiac contractility in KO mice (1, 39) .
Unlike patient biopsies, classic nemaline bodies are not readily apparent in the KO mice, except in highly disorganized fibers in which they present as widened Z-discs. The more prevalent defect seen in mice is the presence of Z line streaming, which is indicative of sarcomere damage and is often seen in combination with nemaline bodies in patient biopsies (9, 40) . The lack of bona fide nemaline bodies in other KO mouse models of NM is not uncommon. Deletion of Acta1 and Neb in mice, the 2 most frequently implicated proteins in NM (1), results in neonatal lethality and muscle dysfunction, but classical nemaline bodies are not reported (36) (37) (38) 41) . Currently, nemaline bodies are only reproduced in mouse models of NM in which mutant protein is overexpressed, suggesting that mutant proteins are required for protein aggregation to form rods (42) (43) (44) . A previous study noted that the presence of nemaline bodies does not correlate with the severity of the disease (2). Instead, it is believed that decreased contractility due to primary defects in the sarcomere thin filament is the underlying cause for symptoms in NM (10) . This hypothesis is supported by studies with P1 NEB-deficient mice, which have a dramatic loss in muscle contractility, with no visible sarcomere defects (36, 45) . Accordingly, we too found that sarcomeres in P1 KLHL40 WT and KO mice appeared comparable, but there was still a greater than 50% loss of maximum tetanic force in KO muscle. Our data, combined with previous studies, corroborate the hypothesis that NM is likely due to sarcomere dysfunction and instability, causing a primary loss in muscle contractility (2, (36) (37) (38) 41) . We believe that sarcomere instability results in the visible Z line streaming and nemaline bodies in KLHL40-deficient mice at later ages due to increased muscle use following birth.
KLHL40 binding and regulation of thin filament proteins, NEB and LMOD3.
We have demonstrated that KLHL40 localizes to the sarcomere I band and the A band, which potentially explains the conflicting results from two previous reports showing I band and A band localization separately (12, 13) . NEB is known to span the I band and the A band, and we have shown that LMOD3 occupies the A band (46) . Thus, KLHL40 occupies the same subcellular compartments as NEB and LMOD3. In contrast to all other described BBK proteins, we have demonstrated that KLHL40 actually stabilizes, rather than degrades, its substrates (15) (16) (17) (18) (19) (20) (21) (22) . NEB frag and LMOD3 are increased in cell culture with KLHL40 expression, and loss of KLHL40 in mice results in reduced NEB and LMOD3 independent of any transcriptional changes. In addition, KLHL40 appears to block LMOD3 ubiquitination, whereas KLHL40 regulates NEB frag in a proteasome-independent manner. These findings provide the first example of a BBK protein that can mediate protein stabilization rather than degradation.
Previous studies showed that the KR domain in BBK proteins is required for binding of substrate to its respective BBK protein (20) (21) (22) . Accordingly, deletion of the KLHL40 KR domain abrogates stabilization of LMOD3 and NEB frag in cell culture. Deletion of the BTB or BACK domains of KLHL40 has no effect on LMOD3 stabilization, but NEB frag levels are reduced, again, implying alternative mechanisms for KLHL40 regulation of NEB frag .
BBK proteins typically bind the CUL3-E3 ligase complex to mediate substrate recognition for ubiquitination (15) (16) (17) (18) (19) (20) (21) (22) . It is possible that KLHL40 prevents CUL3-mediated degradation of LMOD3, perhaps by preventing recognition of LMOD3 by the CUL3-E3 complex. Alternatively, based on KLHL40's differential localization in relaxed and contracted muscles, KLHL40 may have a more chaperone-like function to maintain proper LMOD3 and NEB folding throughout muscle contraction, which secondarily prevents their degradation. Further experiments are required to understand the role of KLHL40 during muscle contraction and to elucidate its unique pro-stability function. It will be of interest to determine whether other BBK proteins also stabilize their substrates.
Role of decreased NEB and LMOD3 in NM phenotype. Wholeproteome analysis of KO muscle revealed that NEB and LMOD3 were among the most downregulated proteins and were the only identified binding partners to show such dramatic regulation. LMOD3 was the most reduced protein in the entire muscle proteome. In fact, even 50% reduction of Klhl40 transcript in mice lacking a single copy of the Klhl40 gene was sufficient to reduce LMOD3, suggesting a tight dose dependence of LMOD3 on KLHL40 protein levels. , and changes in NEB are inconclusive due to issues with GAPDH signal. Control 1 and control 2 are 11-day-old and 6-month-old neonate controls, respectively. Patient 1 was biopsied at 2 days, patient 2 was biopsied at 25 days, and patient 3 was biopsied at 3 months of age. GAPDH is shown for loading control. (51). Thus, the molecular mechanism underlying KBTBD13 NM is likely different than that of KLHL40 and KLHL41. Therapeutic implications. There are currently no therapies available to treat NM. However, our data suggest that KLHL40 deficiency results in NM by secondary loss of NEB and LMOD3 protein and that proteasome inhibition may be sufficient to restore LMOD3. Should LMOD3 be determined to be a major contributor to the NM phenotype seen with KLHL40 deficiency, it would be worthwhile to explore whether proteasome inhibition can alleviate muscle dysfunction in KLHL40-deficient patients. Proteasome inhibitors have already been used in cancer therapy and are thus available for clinical use (52) . Therefore, further delineation of the molecular mechanism by which KLHL40 promotes NEB and LMOD3 stability may allow for the development of the first therapy for NM.
Methods

Generation of Klhl40
+/-, KO, and MCK-Klhl40 mice. Klhl40-deficient mice were generated using a targeted Klhl40 embryonic stem cell clone (#14780A-B6) obtained from the KOMP Repository (http:// www.KOMP.org) (27) , as described previously (53) . Klhl40 +/-mice were intercrossed to generate KO mice and maintained in a pure C57BL/6 background. MCK-Klhl40 transgenic mice were generated as previously described by placing the murine Klhl40 cDNA under the control of a 4.8-kb fragment of the MCK promoter and deriving transgenic mice on a B6C3F1 background (28, 54, 55) . MCK-Klhl40 mice were intercrossed to C57BL/6 Klhl40 +/-mice to generate a mixed background. All analyses were done within the same mixed line using littermates as controls. Genotyping primers are available in the Supplemental Methods.
Protein localization by electroporation of flexor digitorum brevis muscles and second harmonic generation. KLHL40-EGFP, LMOD3-EGFP, ACTN1A-EGFP, and TMOD4-EGFP were localized to myosin by second harmonic generation, as previously described, with some modifications (30, 56) . Skinned feet from mice were immersed in either an ice-cold, calcium-free EDTA-Ringer's solution (100 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , 6 mM KH 2 PO 4 , 1 mM EDTA, and 0.1% glucose) or in an ice-cold rigor buffer (100 mM KCl, 2 mM MgCl 2 , 1 mM EDTA, and 10 mM KH 2 PO 4 ) (31). Feet were left in buffer for at least 2 hours and then imaged, as described previously (56) . Line scan analyses were done using Fiji ImageJ software (57) .
Neonatal muscle contraction. After euthanasia, hind limbs of P1 pups were placed in an incubated 30°C oxygenated (95% O 2 , 5% CO 2 ) physiological salt solution (58) . The foot was placed in a clamp at the base of the bath, and the femur was tied with 6-O suture from just above the knee to the arm of a dual-mode servomotor (300B, Aurora Scientific Inc.). Resting tension was maintained by a stepper motor. Contractile data were obtained at a resting tension of 0.5 g (i.e., optimal length), with electrical stimulation at 30 V and a 500 μs pulse width. Data were obtained and analyzed with Dynamic Muscle Control (DMC v.4.1.6) and Dynamic Muscle Analysis (DMA v.3.2) software, respectively (Aurora Scientific Inc.). Following initial twitch and tetanic contractions, a force-frequency relationship was determined over the range 1-150 Hz. Normalized force was expressed as mN/mg limb mass.
RNA expression. RNA levels were measured by in situ hybridization, Northern blot, and qPCR, as previously described (53, 59). The Previous work has shown definitively that mutations in NEB in patients and loss of Neb in mice results in NM, suggesting that decreased NEB in KO mice could contribute to the NM phenotype (1, 4, (36) (37) (38) . A pervading belief is that NEB acts as a molecular ruler to regulate thin filament lengths based on shortened thin filament lengths seen in Neb-deficient mice (36, 37, 47) . However, more recent studies argue that NEB deficiency contributes directly to a loss in muscle contractility due to dysregulation of actin-myosin crossbridge formation (45, 47, 48) . Accordingly, we see over a 50% loss in hind limb strength of P1 KO mice, which have approximately 50% reduction in NEB, without any evidence of sarcomere defects. It is possible that KLHL40 loss functionally impairs the actin-myosin crossbridge activity of NEB.
LMOD3 function has hitherto not been defined, and it has not yet been implicated in any disease. Our study presents the first evidence of a possible role of LMOD3 in NM. LMOD3 is highly homologous to LMOD2, which was shown previously to be vital for sarcomere structure in cardiomyocytes by regulating actin assembly at the pointed end of thin filaments (near the sarcomere M line) (23) . Indeed, we found that LMOD3 localizes to the A band in a matter similar to that of LMOD2, likely indicating that LMOD3 also binds the pointed end of actin filaments. Thus, loss of LMOD3, secondary to KLHL40 deficiency, may lead to thin filament actin dysregulation.
Role of BBK proteins in human NM. Thus far, 3 BBK proteins have been implicated in NM: KBTBD13, KLHL40, and KLHL41 (11) (12) (13) . Our study is the first to define a possible molecular mechanism for any of these proteins. Consistent with the phenotype of KLHL40 mutant mice, the 2 patients with NM (patients 1 and 2) completely deficient for KLHL40 had marked reduction in LMOD3 and NEB, while a third patient (patient 3), with some residual KLHL40, had relatively normal LMOD3. Patients with the same mutation as patient 3 present with less severe clinical symptoms compared with patients with all other KLHL40 mutations (12) . Thus, our finding that KLHL40 serves to stabilize LMOD3 in mice is largely consistent in KLHL40-deficient patients, although there may be some mechanistic differences based on the type of KLHL40 mutation. Regardless, these findings may have important therapeutic implications for KLHL40-deficient patients (see below).
A recent report described KLHL41 mutations causing NM in humans (13) . KLHL41 is the most closely related protein to KLHL40 (71% by BLASTP alignment) (13, (49) (50) (51) . Interestingly, we found that KLHL41 was the most enriched KLHL40 binding partner from C2C12 myotubes. As determined by quantitative proteomics, KLHL41 levels in KLHL40-deficient mice were not changed, suggesting that KLHL40 does not regulate protein levels of KLHL41. We hypothesize that KLHL40 and KLHL41 may form a heterodimer or polymer to regulate thin filament proteins with both KLHL40 and KLHL41 performing unique, nonredundant functions, possibly explaining why a disruption in either protein results in NM. It is also tempting to speculate that KLHL41, like KLHL40, promotes the stability of its substrates based on their close homology. On the other hand, KBTBD13 is much more distantly related to KLHL40 and KLHL41, and KBTBD13 mutations resulting in NM are autosomal dominant in contrast to the autosomal recessive transmission of KLHL40-and KLHL41-related NM jci.org Volume 124 Number 8 August 2014
GAPDH antibody (MAB374, EMD Millipore). Following primary antibodies, the appropriate HRP-conjugated secondary antibody was used. Additional details regarding the dot blot protocol can be found in the Supplemental Methods. Quantitative proteomic analysis of skeletal muscle. Protein from quadriceps of P6 mice (3 WT and 3 KO mice) was extracted and processed as outlined in the corresponding Supplemental Methods section. Each of the samples was labeled with a separate isobaric label using the TMT Mass Tagging Kit (TMTsixplex, Thermo Scientific), combined into a single sample, concentrated, and loaded into a 2D LC-MS. Analysis was done using Mascot software using the Proteome Sciences 6-plex Tandem Mass Tags quantitation method. Additional details can be found in the Supplemental Methods.
Analysis of muscle samples from KLHL40-deficient patients. Western blot analysis was performed on patient and healthy human control muscle biopsies, as previously described (12) . Additional details regarding protein extraction and immunoblot materials can be found in the Supplemental Methods. Gomori trichrome staining of patient muscle sections was performed as described previously (62) .
Statistics. Data are presented as mean ± SEM. Differences between 2 groups were tested for statistical significance using the unpaired 2-tailed Student's t test. P < 0.05 was considered significant. For analysis of multiple groups, we used the Holm-Sidak correction for multiple comparisons with a false discovery rate (FDR) of 0.05.
Study approval. All experimental procedures involving animals in this study were reviewed and approved by the University of Texas Southwestern Medical Center's Institutional Animal Care and Use Committee. All human subjects were enrolled following informed consent, and research was conducted according to protocols approved by the Human Research Ethics Committee of the University of Western Australia. Jason O'Rourke's present address is: Genomics Institute of the Novartis Research Foundation, San Diego, California, USA. methods are described in detail and primers are provided in the Supplemental Materials.
Microarray analysis. RNA was submitted to the UT Southwestern Genomic and Microarray Core Facility for further processing and microarray analysis using a MouseWG-6 V2 BeadChip (Illumina), as previously described (60) . Significant (P < 0.05) changes in sarcomere genes are reported in Supplemental Table 1 . Data are available from Gene Expression Omnibus (accession no. GSE56570).
Histology, immunochemistry, and X-gal staining. Skeletal muscle tissues were fixed in 4% paraformaldehyde and processed for paraffin histology, as previously described (53) . Imaging was done by confocal microscopy using a Zeiss LSM 710 microscope. X-gal staining is described in the Supplemental Methods.
Electron microscopy. Processing of muscle tissues for electron microscopy was performed as previously described (61 KLHL40 binding and stabilization of NEB frag and LMOD3 in COS7 cells. FLAG-KLHL40 and NEB frag -myc or LMOD3-myc were cotransfected into COS7 cells. Protein was extracted, and coimmuno precipitation of NEB frag -myc or LMOD3-myc with FLAG-KLHL40 was performed. For stability experiments, NEB frag -myc and LMOD3-myc levels were analyzed by standard Western blotting. Details regarding KLHL40 coimmunoprecipitation with NEB frag and LMOD3 and protein stability experiments can be found in the Supple mental Methods.
Ubiquitination analysis of LMOD3 in COS7 cells. COS7 cells were transfected with LMOD3-myc and FLAG-KLHL40, as stated above. Protein was collected in denaturing lysis buffer (see Supplemental Methods). Ubiquitinated protein was immunoprecipitated with K48 anti-ubiquitin antibody (Apu2, EMD Millipore), and ubiquitinated LMOD3-myc levels were visualized by standard Western blotting. See Supplemental Methods for additional details.
Immunoblotting LMOD3 and GAPDH in skeletal muscle. For LMOD3 and GAPDH, a standard immunoblot was performed using protein extracted from neonatal quadriceps muscles (see Supplemental Methods for protocol) with anti-LMOD3 (14948-1-AP, Proteintech) and anti-GAPDH (MAB374, EMD Millipore) primary antibodies, followed by appropriate HRP-conjugated secondary antibodies (Bio-Rad). See the Supplemental Methods for additional details.
Dot blot analysis of NEB and GAPDH in skeletal muscle. Quadriceps muscle protein was loaded onto a nitrocellulose membrane (BioRad) using a Bio-Dot microfiltration apparatus (Bio-Rad) according to the manufacturer's instructions. The blot was subsequently processed like a standard immunoblot, with NEB and GAPDH analyzed on 2 separate blots. NEB was analyzed with an anti-NEB antibody (19706-1-AP, Proteintech), and GAPDH was analyzed using anti-
